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ABSTRACT 

Aims. In our ongoing search for close and faint companions around T Tauri stars in the Chamaeleon star-forming region, we here 
present observations of a new common proper motion companion to the young T-Tauri star and Chamaeleon member CT Cha and 
discuss its properties in comparison to other young, low-mass objects and to synthetic model spectra from different origins. 
Methods. Common proper motion of the companion and CT Cha was confirmed by direct Ks-band imaging data taken with the VLT 
Adaptive Optics (AO) instrument NACO in February 2006 and March 2007, together with a Hipparcos binary for astrometric cali- 
bration. An additional J-band image was taken in March 2007 to obtain color information for a first classification of the companion. 
Moreover, AO integral field spectroscopy with SINFONI in J, and H+K bands was obtained to deduce physical parameters of the 
companion, such as temperature and extinction. Relative flux calibration of the bands was achieved using photometry from the NACO 
imaging data. 

Results. We found a very faint (Ks = 14.9 mag, Kso = 14.4 mag) object, just ~ 2.67" northwest of CT Cha corresponding to a pro- 
jected separation of ~ 440 AU at 1 65 ± 30 pc. We show that CT Cha A and this faint object form a common proper motion pair and 
that the companion is by > 4 cr significance not a stationary background object. The near-infrared spectroscopy yields a tempera- 
ture of 2600 ± 250 K for the companion and an optical extinction of Av= 5.2 ± 0.8 mag, when compared to spectra calculated from 
Drift-Phoenix model atmospheres. We demonstrate the validity of the model fits by comparison to several other well-known young 
sub-stellar objects. 

Conclusions. We conclude that the CT Cha companion is a very low-mass member of Chamaeleon and very likely a physical com- 
panion to CT Cha, as the probability for a by chance alignment is < 0.01. Due to a prominent Pa-y8 emission in the J-band, accretion 
is probably still ongoing onto the CT Cha companion. From temperature and luminosity (log(Lfco;/LQ)= -2.68 ± 0.21), we derive a 
radius of R= 2.20*'^^'^^ Rjup- We find a consistent mass of M= 17 ± 6Mj„p for the CT Cha companion from both its luminosity and 
temperature when placed on evolutionary tracks. Hence, the CT Cha companion is most likely a wide brown dwarf companion or 
possibly even a planetary mass object. 

Key words. Stars: low-mass, brown dwarfs - Stars: pre-main sequence - Stars: atmospheres - planetary systems: formation - Stars: 
individual: CT Cha 

1 . Introduction IRAS data. iNatta et all (l2000l) found evidence of a silicate fea- 

ture disk (L,,/ = 10"^ Lq, L^v/L. = 0.014), using ISO data. 

CT Cha (aka HM9), intr oduced in th e 65th Name-List of 

Var iable stars by [K holopo v et all (Il981l) . was originally found The variations in t he Hgline were l ater in terpreted as accre 



by iHenize & Mendoza (il973l) as an emission-line star in tion signatures when iHartmann et alj (1199 8') measured a mass 

Chamaeleon, exhibiting variatio ns in its HgUne from plate to accretion rate of logM ^ -8.28 Mo/a. Additional variations in 

plate and showing partial veiling (lRvdgrenll980l) . infrared (IGlasslll979l) and optical photometry can possibly be 

While th e star was first classified as a T Tauri star by explained by surface f eatures on CT Cha a t a rotation period of 

IWhittet et all (Il987h , it wa s later found to be a cla s sical T Tauri 9.86 days, as found bv lBatalha et all (Il998l) . 

star by IWeintraubl (Il990h and iGauvin & Stroiiil d 19921) from , , 

All additional properties of the K7 jGregorio Hetem et al.l 



„ J ^ . . ■ c. u J. -1 . u-^ . 1988) star CT Cha, such as its age ranging from 0.9 Myr 

jfna de ' ' tobi@astro.uni- , Nat^td] llOOOl) to 3 Myr jFeigelson et all fT993h . as well 

^'"'sased on observations made with ESO telescopes at the Paranal equivalent width of the lithiuil^orption line of 

Observatory under program IDs 076.C-0292(A), 078.C-0535(A), & W,,(Li) = 0.40 + 0.05 A ("Guenther et al. 2007), its radial ve- 

279.C-5010(A) locity of 15.1 ±0.1 km/s (Joergens 2006) and proper motion 

** Color versions of Figs. 4, 6, 8, 1 1 are only available in electronic (Table|2ll, are consistent with a very young member of the Cha I 

form at ht tp://w w w. aanda. org , star-forming region, having an age of 2 + 2 Myr. 
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VLT-NACO Ks-band 




Fig.l. VLT-NACO Ks-band image of CT Cha and its 6.3 mag 
fainter companion candidate (2.670 + 0.038"northwest) from 
2007 March 2. The object marked as 'cc2' was found to be a 
background object. 



Table 1. VLT/NACO observation log 



JD - 2453700 


Date of 


DIT 


NDIT 


No. of 


Filter 


[days] 


observation 


[s] 




images 




83.54702 


17 Feb 2006 


1.5 


25 


20 


Ks 


460.62535 


1 Mar 2007 


4 


15 


21 


J 


461.63001 


2 Mar 2007 


4 


7 


30 


Ks 



Remark: Each image consists of the number of exposures given in 
column 4 times the individual integration time given in column 3. 
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Fig. 2. Observed separation between CT Cha A and the CT Cha 
companion. Our two measurements from 2006 and 2007 are 
shown. The long dashed lines enclose the area for constant sepa- 
ration, as expected for a co-moving object. The dash-dotted line 
is the change expected if the CT Cha companion is a non-moving 
background star. The opening cone enclosed by the continuous 
lines its estimated eiTors. The waves of this cone show the dif- 
ferential parallactic motion that has to be taken into account if 
the other component is a non-moving background star with neg- 
ligible parallax. The opening short-dashed cone is for the com- 
bination of co-motion and the maximum possible orbital motion 
for a circular edge-on orbit. 



2. Direct observations of a wide companion 

2.1. AO imaging detection 

We observed CT Cha in two epochs in February 2006 and in 
March 2007 (see Table [TJ. All observations were done with the 
European Southern Observatory (ESO) V ery Large Telescope 
(VLT) instrument Naos-Conica (NACO, iLenzen et al"] 120031: 
iRousset et al.l2003l) . In all cases the S13 camera (~13 mas/pixel) 
was used in double-correlated read-out mode. 

For the raw data reduction, we subtracted a mean dark 
from all science frames and the flatfield frames, then divided 
by the normalized dark-subtracted flatfield, and subtracted the 
mean background by using ESO eclipse /jitter. In all three im- 
ages a companion candidate was found 2.67" northwest of 
CT Cha (Fig. [TJ, corresponding to ~440 AU at a distance of 
16 5 + 30 pc, the latter esti mated from the com bination of data 
bv lBertout et^ (1 19991) and lWhittet eTal] (1 19971) for Cha I mem- 
bers. 

2.2. Astrometry 

To check for the common proper motion of the tentative com- 
panion of CT Cha, we used the proper motion (PM) of the star 
published in the literature (Table |2]i. We used the weighted mean 
proper motion for checking whether the two objects show com- 
mon PM below. To determine the positions of both components, 
we constructed a reference PSF from both objects. Thus, we ob- 
tained an appropriate reference PSF for each single image. Using 
IDL/starfinder, we scaled and shifted the reference PSF simulta- 
neously to both components in each of our individual images 
by minimizing the residuals. Realistic error estimates in position 



Table 2. Proper motions of CT Cha 



Reference 


jj.„ cos d 






[mas/yr] 


[mas/yr] 


UCAC2 (Zacharias et al. 2004) 


-22.2 + 5.2 


7 + 5.2 


ICRF ext. (Camargo et al. 2003) 


-18±10 


4 + 9 


weighted mean 


-21.3 + 4.6 


6.3+4.5 



and flux for each object were obtained from the mean and stan- 
dard deviation of the positions found in all individual images of 
a single epoch. 

We calibrated the NACO data using the wide binary star 
HIP 73357 for our two measurements in 2006 and 2007. The 
astrometry of this binary was measured very accurately by the 
Hipparcos satellite. However, 15 years have passed since these 
measurements, allowing a large possible orbital motion of the 
binary, which is now dominating the astrometric uncertainty, re- 
sulting in the calibration given in Table|3] The astrometric errors 
include Hipparcos errors, maximum possible orbital motion of 
the calibration binary and measurement errors of the position of 
CT Cha and its companion. Our derived pixel scale is i n good 
agreement with earlier measurements as e.g. in Neuhause r et al.l 
(120051 12008). 

The common proper motion analysis made use of relative 
measurements; hence, the astrometric calibration used for our 
images took into account only the uncertainties in separation and 
position angle, as well as in proper motion and orbital motion 
between the two epochs of 2006 and 2007. This allows precise 
measurement of the relative motions of CT Cha and the compan- 
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Table 3. Absolute astrometric results for CT Cha A and com- 
panion 



JD - 2453700 


Pixel scale 


Separation 


PA" 


[days] 


[mas/Pixel] 


[arcsec] 


[deg] 


83.54702 


13.24 ± 0.18 


2.670 ± 0.036 


300.71 ± 1.24 


461.63001 


13.24 ± 0.19 


2.670 ± 0.038 


300.68 ± 1.32 



Remarks: All data from Ks-band images, (a) PA is measured from N 
over E to S. 



Table 4. Relative astrometric results for CT Cha A and compan- 
ion 



Epoch differ- 


Change in sepa- 


Change in 


ence [days] 


ration [pixel] 


PA" 


[deg] 


378.08299 


-0.09 + 0.20 


-0.036 


± 0.086 



Remarks: All data from Ks-band images, (a) PA is measured from N 
over E to S. 



Table 5. Apparent magnitudes of the CT Cha companion 



Epoch 


J-band 


Ks-band 


17 Feb 2006 


-±- 


14.95 ± 0.30 


1/2 Mar 2007 


16.61 ±0.30 


14.89 ± 0.30 



and same (or higher) brightness from the Dwarf Archive^ we 
find a probability of 4 10 that an object like the CT Cha com- 
panion within 2.67" is a chance alignment. Even in the denser 
areas of the Chamaeleon I star-forming region, o bjects that red 
are sca rce, and the number density obtained from lLuhman et all 
(I2006h results in a probability of approximat ely 4-10 ^ for a 
chance alignment. Following the approach of ILafreniere et all 
(2008), we can estimate the probability of a chance alignment 
from the surface density of all sources surrounding CT Cha 
from the Two Micron All Sky Survey (2MASS) Point Source 
Catalogue (PSC) of the same brightness (or brighter) than our 
companion candidate within the same angular separation. This 
calculation results in a probability of 8 -10"^, while one should 
be careful since the completeness of 2MASS is only assured un- 
til ~ 15 mag in Ks-band, which is comparable to the apparent 
magnitude of the CT Cha companion. It is thus likely that the 
two objects are orbiting each other Even if not bound, they are 
both young, hence members of Chamaeleon, i.e. at roughly the 
same distance and age. 

The presence of an additional source that can be ruled out 
as companion due to its color and proper motion (see 'cc2' in 
Fig.[T]l, can be explained by the additional source being approx- 
imately 2 magnitudes fainter than our newly found co-moving 
companion and the number of sources in the 2MASS PSC being 
increasing logarithmically with their brightness until the com- 
pleteness limit of the catalog, resulting in a drastically increased 
surface density of such fainter objects if the number of sources 
is extrapolated to lower brightnesses. 



ion candidate, given in Table |4] The absolute astrometry, which 
has to take the full uncertainties of the astrometric calibration 
into account, is given in Table [3] We would like to stress that 
common proper motion can be shown based on relative astrome- 
try, while absolute values are given for future comparisons, also 
with different instruments. 

From Fig. |2] we can exclude by 3.9 cr that the CT Cha 
companion is a non-moving background object. Due to the lo- 
cation of the companion (northwest of CT Cha A) and the 
proper motion (also towards northwest), the position angle (PA) 
gives only little additional significance (1.2 cr deviation from the 
background hypothesis), resulting in a combined significance of 
>4cr for the exclusion of the background hypothesis. For a K7 
star and a sub-stellar companion (see below) at a projected sep- 
aration of ~ 440 AU (at ~ 165 pc), the orbital period is ~ 1 1000 
yrs; hence, the maximum change in separation due to orbital mo- 
tion (for circular edge-on orbit) is ~ 1 mas/yr (~ 0.07 pix/yr) or 
~ 0.03 7yr in PA for pole-on orbit. Neither in separation nor 
in position angle any significant sign of orbital motion could be 
detected, given the short epoch difference (~ 1 year). 

While the negligible differences seen in PA and separation 
between the different observations are consistent with common 
proper motion, a possible difference in proper motion between 
both objects of up to a few mas/yr cannot be excluded from 
the data. Such a difference in proper motion would be typi- 
c al of the vel ocity dispersion in star-forming regions like Cha 
I dPucouranT et al. 2005). As a result we cannot yet exclude both 
objects being independent members of Cha I, thus, not orbit- 
ing each other. Even if this were the case, the age and distance 
(within the given uncertainties) would be the same for both ob- 
jects, and likewise the mass estimation. However, the probabil- 
ity of finding such a red object at a projected separation less 
than 2.67" but physically unrelated to CT Cha is very small. 
Taking the number density of objects with similar spectral type 



2.3. Photometry 

As described in the last section, we also obtained from the 
PSF fitting of both components the flux ratio of the CT Cha 
companion and CT Cha A. Using the photometry of CT Cha 
A from the Two Micron All Sky Survey (2MASS) catalog of 
7 = 9.7 15 + 0.024 mag, and ji: = 8.661 + 0.021 ma g, and adding 
0.3 mag variability in A estim ated from data by iBatalha et akl 
(ll998h . lGhez et all ([T997I) . and lLawson etal.1 (Il996l) to the error 
of the companion, we obtain its photometry (|5]l. 

The Ks-band magnitudes obtained in the two epochs agree 
within their Icr errors, giving no indication of photometric vari- 
ability. From the extinction-corrected /q - ^^.50= 0.84 + 0.50mag 
(2007, see Sect. 4) we estimate a spectral type of earlier than 
L5 for the faint CT Ch a companion using the dwarf scale in 
iGolimowski et all (|2004 . 



3. Spectroscopy 

In addition to our NACO measurements, we used the adaptive- 
optics integral-field spectrograph SINFONI, also mounted at UT 
4 of the ESO VLT, to obtain spectra that do not suffer from 
wavelength-dependent slit losses that occur on normal spectro- 
graphs w ith narrow entra nce slits, especially when combined 
with AO (iGoto et al.ll2003h . 

The observations of the CT Cha companion were carried out 
in Hh-K (resolution 1500) and J (resolution 2000) band in the 
nights of 16 & 17 May 2007. Six nodding cycles with an inte- 
gration time of 277s per frame were obtained each. We chose the 
maximum possible pixel scale (50 x 100 mas) of the instrument 
leaving CT Cha A as AO guide star outside of the FoV (3" x 
3"). All observations were done at the best possible airmass for 



www.DwarfArchives.org 
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the target (~ 1.6) and good seeing conditions of ~0.6" (optical 
DIMM seeing). 

As telluric standards HIP 54257, a B6 IV/V star, and HIP 
75445, a Gl - G3 V star, were used for the J-band and H-hK- 
band, respectively. In order to correct for features of these stan- 
dard stars, the Pa-yS absorption at ~ 1.282 fim of HIP 54257 was 
fitted by a Lorentzian profile and removed by division, and the 
metal lines and molecular bands of the sun-like star HIP 75445 
were removed by a convolved high-resolution solar spectrum 
made available by the NSO/Kitt Peak Observatory. 

We used the SI NFONI d ata reduction pipeline version 1.7.1 
offered by ESO (Jungetal. 2006) w ith reduction routines de- 
veloped by the SINFONI consortium (lAbuter et alj|2006) . After 
standard reduction, all nodding cycles were comb ined to a final 
data cube. We used the Starfinder package of IDL dPiolaiti et alj 
[2000) and an iterative algorith m to remove the halo of CT Cha 
A, both described in detail in ISeifahrt et al.l (|2007|) . Since the 
J-band and H-nK-band spectra do not overlap, we convolved the 
NACO and 2MASS filter transmission curves in a final reduction 
step with our measured spectra in J- and Ks-band and aligned 
the relative flux levels of both spectra by comparison of the in- 
tegrated flux with the flux in J- and Ks-band of the photometry 
from March 1/2 2007 (see Table |5]l converted to a flux den- 
sity usingthe Spitzer Science Cen t er Mas nitude to Flux Density 
convertern based on ICohen et alJ (120031) for the calibration of 
2MASS. 

To put the CT Cha companion into context, we compare its 
spectra to model atmospheres, as well as to previously found 
sub-stellar companions and free-floating objects in very young 
associations in the following sections. 

3.1. Comparing with Tsuji Unified Cloudy and witii GAIA 
Dusty-Phoenix model atmospheres 

We compare our spectrum with synthetic model spectra, which 
have to account for dust, beginning to condensate at tempera- 
tures Teff ~ 2700 K in t he ou ter atmospheric layers (iTsuii et al.l 
Il996t IChappelle et 10120051) . Therefore we used the GAIA 
Dusty-Phoenix models v2.0 dBrott & Hauschildt l2005h and 
Tsuji's unified clou dy models (UCM) with different values 
of Tcrit dTsuiil 1200 5*). Tsuji's UCM-models were originally in- 
tended for old L- and T-dwarfs, where Tcrit was introduced to 
parametrize a possibly varying cloud height. The Tsuji UCM- 
models were calculated for lower surface gravities for this work 
by Tsuji (private communication). 

Because none of these models fitted our data across the 
whole parameter range, we tried to account for an additional 
broad-band opacity contrib ution in the f r ame o f these mod- 
els. As shown in Fig. 6 of iBurrows et al. I d2006h . dwarf spec- 
tra strongly depend on the cloud particle size and the actual 
dust chemistry, but the grain sizes change depending on alti- 
tude (Helling & Woitke 2006). Due to the unavailability of these 
models for low surface gravities, we simulated the broad veil- 
ing in the near-IR spectra and the partial filling of the spectral 
troughs and flattening of the otherwise strongly peaked H-band 
due to the presence of more clouds of small grains by adding 
an additional blackbody of similar effective temperature as com- 
pared to the underlying synthetic models. 

The best fit could be achieved using the modified UCM 
grid for Teff = 2200 + 200 K (Tcrit= 1800K), a visual extinction 
of Av=2.8 + 0.8 mag in combination with an additional black- 
body of 2250 + 250 K, at a flux ratio of 1 : 1 with respect to the 




2000 



2200 2400 2600 

Effective temperature [K] 



2800 



Fig. 3. Result of the minimization analysis for the CT Cha 
companion. Plotted are the best value {point) and the 1, 2, and 
3 sigma error contours for effective temperature Teff and opti- 
cal extinction A I/, determined from comparison of our SINFONI 
spectrum and the Drift-Phoenix model grid. 



unmodified UCM spectra. This corresponds to a spectral type of 
M9 - L3 using the dwarf sp ectral type to temperature conversion 
in Golimows ki et al.l d2004l) . However, all derived parameters are 
highly correlated, and we cannot prove that an additional black- 
body accounts for an additional broad-band opacity source. 

3.2. Comparing with Drift-Phoenix model atmospheres 



to previous model atmosphere results like 
Cond-Phoenix, the Tsuji-UCMs, the Settle- 
a nd the Ackerman & Marley 
1200 U 



Marlev et al 



http://ssc.spitzer.caltech.edu/tools/magtojy/ 



In contrast 
Dusty- and 

Phoenix (Allard et al. 200 

models ( Ackerman & Marie . , . 

IWoitke & Heiiina (l200l l200i . and iHelling & Woiflcd (l200i 
presented a kinetic model description of the formation and 
evolution of dust in bro wn dwarfs. The se models are studied in 
a test case co mparison i n Helling et al. (2008a). 

Recently, iDehn et al.. (2007) and Helling et all d2008bl) 
combined th e non-eq uilibrium, stationary cloud model from 
iHelUng et all d2008ci DRIFT: Nucleation, seed formation, 
growth, evaporation, gravitational settling, convective over- 
shooting/up-mixing, element con servation) with a general- 
purpose model atmosphere code d Hauschildt & BaronI 1 19991 
PHOENIX: Radiative transfer, hydrostatic equilibrium, mixing 
length theory, chemical equilibrium). This gives us the unique 
opportunity to compare and classify spectra of low-temperature 
objects, where the formation of dust-cloud layers play a major 
role in the spectral appearance. 

We used an almost complete grid of Drift-Phoenix mod- 
els in the range of Teff = 2000 ... 2800 K, logg= 3.0 . . .4.0, and 
[M/H]=-0.5 . . .0.5 in steps of 100 K, 0.5, and 0.5, respectively. 
Moreover, we still need to account for reddening of our spec- 
tra, which increases the importance of the relative calibration of 
our spectra in J-band and H+K-band, as the accuracy of the ex- 
tinction determination increases with the spectral coverage. This 
correction is important as the effective temperature is highly 
correlated with the extinction, because both values change the 
slope of the spectrum in J-, H-, and K-band, and akeady less 
than Ay -2 mag can change the shape of the spectra significantly 
(iLodieu et al.ll2008l) . 

Due to the high number of free parameters after taking the 
metallicity and the local extinction in the C hamaeleon region 
into account, which can be up to Ay = 18 mag ('Kainu lainen et al.l 
2006) depending on the position in the Chamaeleon star-forming 
region, we used a minimization algorithm to find the best- 
fitting combination of (a) the effective temperature, (b) the sur- 
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Fig. 4. J, H, and K band spectra, adjusted in their relative flux levels. From top to bottom: Our SINFONI spectra of the CT Cha 
companion in spectral resolution 1500 in comparison to the best-fitting Drift-Phoenix synthetic spectrum (same spectral resolution) 
of Teff = 2600 K, logg= 3.5, [Me/H] = 0.0 and a visual extinction of Ay- 5.2 mag. Note the strong Pa-yS emission line at ~ 1.282 /im 
in the J-band and the weak alkali lines of KI at ~ 1.25 ;um and of All at ~ 1.315 ^m) in the J-band of the synthetic model. See also 
the online material for a colored version. 



face gravity, (c) the metallicity, and (d) the extinction correction 
of the measured spectrum. To determine the extinction, we as- 
sumed that a possible circumstellar disk makes a negligible con- 
tribution to our near-IR spectra, a reasonable assumption given 
that brown dwarf disks ar e too cool to provide any sign ificant 
near-IR excess emission jLiu et al. 2003; Natta & Testi| |200lt 
lAUers et al.]|2007l) . As described i mSeifahrt et al.i 62007). uncer- 
tainties from the noise in the spectra were found to be insignifi- 
cant compared to the intrinsic uncertainties in the synthetic spec- 
tra. 

We find a best fit for the companion candidate of CT Cha 
at Teff= 2600 + 250 K, a visual extinction Ay= 5.2 + 0.8 mag, 
\ogg- 3.5, and [Me/H] = 0.0, shown in Fig.lD All values are de- 
rived from ow: minimization analysis, see also Fig. [3] While 
the error bars of the temperature are quite high due to high de- 
generacy of effective temperature and extinction, the error bars 
of the surface gravity and metallicity are both > 0.5 dex, hence 
giving no significant constraints for these parameters. 

Several signs of youth are present in the spectrum of the 
CT Cha companion, like the depth of the KI lines in J-band, 
the perfectly triangular shaped H-band, which lacks any sign of 
the FeH absorption bands usually seen in old field dwarfs, or 
the slope of the bluest part of the J band as already f ound for 
the young companion of GQ Lup ('Seifahrt et al."2007l) and for 
2MASS J01415823-4633574 (Kirkpatrick et al. 2006.) . 



3.3. Comparison of Drift-Phoenix to 
UScoJI 60648-223040 

In Fig.|6]we compare the spectrum of the young free-floating ob- 
ject USco J160648-223040 to the best-fitting model of its spec- 
trum from the same Drift-Phoenix model grid used in the pre- 
vious section. This free-floating brown dwarf in the ~ 5 Myr old 
Upper Scorpius as sociation was found in an infrared photometric 
survey jLawrence et al. 200 7|) and later c lassified with the (opti- 
cal) spectral type M8 dLodieu et al.ll2008h by perfectly matching 



the infrared specti'um of SCH 162 528.62-165850.55, a known 
member classified optically as M8 dSlesnick et alj|2066l) . 

We find a best fit (Figs.|5]|6ll for USco J 160648-223040 using 
the Drift-Phoenix models Teff = 2700 ± 250 K, A v= 0.2 + mag 
at log ^=3.5 and [Me/H] = -0.5 . The derived best-fitting tempera- 
ture of 2700 K nicely matches both values of 2720 K and 27 1 K 
using the former and new temperature (to spectral type conver- 
sion) scale of Luhman ( 1999) and Luhman et al. (2003), respec- 
tively, for a(n optical) spectral type of M8 and for objects inter- 
mediate between dwarfs and giants, appropriate for young, not 
fully contract ed, sub-stellar objec ts. 

Recently, lAUers etal] (l2007h have tested several H2O in- 
dices from the literature and find that a spectral index defined 
as </^^=i.550-i.56o) / (^".1= 1.492-1. 502 > and used with low-resolution 
spectra yields an index-SpT relationship that is independent of 
gravity and shows a linear relation between the index and the 
spectral type. We used this index to determine a spectral type for 
USco J160648-223040 independent of Drift-Phoenix models. 
From the mid-resolution spectrum of USco J 160648-223040, we 
find the spectral index to be ~ 1.0584 originally and ~ 1.0558 
after dereddening Av=0.2mag, as found by our best fit using 
the syntheti c atmospheric models. If we then use Eq. (1) from 
lAUers etal] (12007.) (fit for field dwarfs, giants, and young stan- 
dards for spectral types M5 - LO) to invert this index to a spectral 
type, we get M7.01 and M6.95, respectively, hence M7. 

This may be a d iscrepancy from the temperature scale in 
iLuhman et al.l (l2003l) . consistent with the spectral type deter- 
mined from spectral comparison to an optical M8 standard 
and to our derived temper ature of ~2700K. As mentioned in 
iLuhman & MuenchI (l2008h . the uncertainties in the temperature 
scale are at least + lOOK, as in the case of our derived temper- 
atures, so that the difference i s still within the de rived errors. 
However, the spectral types in lAllers et"al] (|2007[) are nea r-IR 
determined spectra l types. As argued by Gelino et akl (|2006|) and 
lKirkpatri"c3 ( l2005h . it is neither uncommon nor unexpected that 
optical and near-IR spectral types do not ag ree for old L- and 
T-dwarfs and can even differ for M-dwarfs dMever & Wilkin j 
.2008i) . The closest example we could find to USco J160648- 
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Fig. 6. J, H, and K band spectra , adjusted in their relative flux levels. From top to bottom: The spectrum of the free-floating brown 
dwarf USco J160648-223040 (iLodieu et alj|2008l) in spectral resolution 1500 in comparison to the best-fitting Drift-Phoenix syn- 
thetic spectrum (same spectral resolution) of Teff = 2700 K, \ogg- 3.5, [Me/H]= -0.5 and a visual extinction of Av-Q.2 mag. See 
also the online material for a colored version. 
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Fig. 5. Result of the;t'^ minimization analysis for USco J160648- 
223040. Plotted are the best value {point) and the 1, 2, and 3 
sigma error contours for effective temperature Teff and optical 
extinction Ay, determined from comparison of the spectrum of 
USco J160648-223040 and the Drift-Phoenix model grid. 
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Fig. 7. Result of the;^'^ minimization analysis for USco J 1607 14- 
232101. Plotted are the best value {point) and the 1, 2, and 3 
sigma error contours for effective temperature and optical 
extinction Ay, determined from comparison of the spectrum of 
USco J 1607 14-232 101 and the Drift-Phoenix model grid. 



223040 is 2MA SS J120430 3-I-321259, which was classified op- 
tically as LP bylCruz et al] (|2003) and in the near-IR as M9 by 
IWilson et al.l (l2003h . We conclude that the most probable solu- 
tion to this discrepancy is that the near-IR spectral type of M7 of 
USco J160648-223040 corresponds to an optical spectral type of 
~ M8. We can, then, further conclude that the companion candi- 
date to CT Cha has a spectral type > M8, as the best fit for its 
effective temperature of Teff = 2600 K is 100 K below the best fit 
of Teif=2700K for USco J160648-223040, which corresponds 
to spectral type M8 of the used optic al comparison standard via 
the temperature scale jLuhman et al Jl2003h . 

3.4. Comparison to USco J1 6071 4-2321 01 

In Fig.|8]we compare our SINFONI spectra of the CT Cha com- 
panion with another young free-floating brown dwarf from the 
~ 5 Myr old Upper Scorpius association USco J 1 607 1 4-232 1 1 
dLod ieu et al. 2008). For this object we find a best fit in compari- 
son to the Drift-Phoenix grid, see Fig.|7] for Teff = 2600 ± 400 K, 
Ay= 2. 1 ± 1 .9 mag at log g= 3.5 and Me/H] = 0.0. 



As can be seen in Fig. [8] our SINFONI spectra of the CT Cha 
companion and the spectrum of USco J160714-232101 match 
very well after dereddening. USco J160714-232101 is given as 
a spectr al type LO member of the Upper Scorpius association 
in Lodie uet al.l (|2008) from comparison to the infrared spec- 
tra of two standards of spectral types M8 and M9, which were 
characterized by their optical spectra, and neglecting possible 
present extinction. We had to deredden the spectrum of USco 
J160714-232101 by Ay- 2.1 mag to match the Drift-Phoenix at- 
mospheric models, so we conclude that the CT Cha companion 
has a spectral type of < LO and, in combination with the result 
from the previous section, an optical spectral type of M8 - LO. 

3.5. Comparison to CHXR 73 B 

iLuhman et al.l (l2006l) present the discovery of a similar object, 
which is interesting as a comparison object, as it is not member 
of a slightly older association as the already presented Upper 
Scorpius objects, but also a member of the very young Cha I 
star-forming region. They conclude that the object is very likely 
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Fig. 8. J, H, and K band spectra, adjusted in their relative flux levels. From top to bottom: Our SINFONI spectra of the CT 
Cha compan ion in sp ectral resolution 1500 in comparison to the spectrum of the free-floating brown dwarf USco J160714- 
232101 (Lodi eu et al.l l2008) (same spectral resolution). The fit of both objects with Drift-Phoenix gives Teff=2600K, \ogg-3.5, 
[Me/H]=0.0, while the CT Cha companion and USco J160714-232101 have Av=5.2mag and Av=2.l mag, respectively. See the 
online material for a colored version. 



a companion of CHXR 73 A and that it has a mass of 0.012+° {Jog 
Mo. 

In Fig. [To] we show the minimization results for this ob- 
ject giving a best fit in comparison to the Drift-Phoenix grid 
for Teif= 2600 + 450 K, Ay^ 12.6 + 2.1 mag at log ^=4.5 and 
[Me/H] = 0.0. The higher uncertainties in temperature and visual 
extinction at the same temperature as for the CT companion can- 
didate are due to high reddening of CHXR 73 B resulting in 
a low signal-to-noise (S/N) and high correlation of temperature 
and extinction. The accordingly dereddened spectrum of CHXR 
73 B is compared to the companion of CT Cha in Fig.fTTI 

As can be seen from this comparison, there are deviant slopes 
in the blue part of the H-band and the red part of the K-band. 
However, these parts of the spectrum have a low S/N due to the 
high extinction in comparison to the rest of the corresponding 
bands, as can be seen in Fig. |9] We find an unusually high sur- 
face gravity, log g= 4.5 being at the edge of our extended Drift- 
Phoenix model grid at this temperature. This is supported by the 
deep potassium lines at ~ 1 .25 yum, howe ver, the whole J-ban d 
also has a low S/N as already dicussed in lLuhman et al.l (l2006l) . 

Finally the new extinction value of Ay= 12.6 + 2.1 mag is 
much higher than the originally derived value of A y ~ 7.6 mag, 
converted from A j ~ 2.1 mag in Luhman et al.l (i200 6) using the 
extinction law bv lRieke & Lebof skv (19851). This can be partly 
explained by the extinction originally having been determined 
in comparison to KPNO -Tau 4 (Ay ~ mag Briceno et al. 200l 
in iLuhman et al.l (12006 ). while Guieu et al.l ( 120071) give a value 
of Av= 2.45 mag. The remaining discrepancy can probably be 
attributed to measurement uncertainties, as the uncertainty we 
found of +2.1 mag already covers 82 % of the residual differ- 
ence to our new derived value ofAv=12.6±2.1 mag. 

If we assume the new extinction value of Av= 12.6 ±2.1 mag 
to be correct, the lumino sity of CHXR 73 B changes from 
log Lboi/Le^ -2.85 + 0.14 dLuhman et al.l l2006) to log Lhoi/Le^ 
-2.56 + 0.22 if we assume in addition B.C.a:=3.15 +0.15mag 
(corresponding to an optical spectral type of M8 - LO as for the 
CT Cha companion), as well as the distance of 165 + 30 pc and 
an absolute bolometric magnitude of the sun M/,ote= 4.74 mag. 
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Fig. 9. Near-IR J, H and K band spectra of CHXR 73 B from 
iLuhman et al.l(l2006l) . From top to bottom: Spectrum dereddened 
by Ay= 7.6 mag as given as Ay ~ 2. 1 mag (Luhman et al. 200^ 
and t ransformed using the extinction law of R ieke & Lebofskvl 
( Il985i) . Reddened spectrum as originally measured. 



Although there is no final proof that the nature of the CT 
Cha companion and CHXR 73 B are the same, most indications 
(e.g. luminosity, temperature, hence spectral type) point to this 
explanation. Moreover, the spectra match very well in the areas 
of good S/N after correction for extinction. However, we cannot 
exclude from this comparison that the deviant slopes in the blue 
part of the H-band and the red part of the K-band, as well as the 
deep potassium lines at ~ 1 .25 jum, are indeed real and connected 
to a higher age and surface gravity for CHXR 73 B. 

3.6. Comparison to 2MASS J01 41 5823-4633574 

We also compared our SINFONI spectra of the CT Cha com- 
panion with the young free-floating object 2MASS J01415823- 
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Fig. 11. J, H, and K band spectra, adjusted in their relative flux levels. From top to bottom: Our SINF ONI spectra of the CT Cha 
companion in spectral resolution 300 in comparison to the spectrum of the companion CHXR 73 B Lu hman et al.l (1200 6!). as well 
member of Cha I (same spectral resolution). The fit of both objects with Drift-Phoenix gives 2600 K, [Me/H] = 0.0, while the CT 
companion and CHXR 73 B have Ai/=5.2mag, log g= 3.5, and Ay- 12.6 mag, log ^=4.5 respectively. See also the online material 
for a colored version. 
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Fig. 10. Result of the;\f^ minimization analysis for CHXR 73 B. 
Plotted are the best value (point) and the 1, 2, and 3 sigma error 
contours for effective temperature Teff and optical extinction Ay, 
determined from comparison of the spectrum of CHXR 73 B and 
the Drift-Phoenix model grid convolved to the same resolution. 



4633574 found bv lKirkpatricket al.1 (|2006|) . Our best fit for this 
object in comparison to the Drift-Phoenix grid suggests the 
same temperature of 2600 K as for the CT Cha companion and 
> 4 mag of extinction. However, only the H- and K-band show a 
good fit in this case. Slightly more reddening in the J-band would 
solve this problem for the J-band but would decrease the qual- 
ity of the fit in the other two bands, pointing however towards 
a lower temperature. Moreover, the K I lines at ~ 1.25//m are 
slighly deeper than in the CT Cha companion, while the grav- 
ity sensitive sodium doublet in the K-band cannot be seen in 
2MASS J01415823-4633574, pointing towards a sHghdy higher 
surface gravity, and we find an unusually deepness of the broad 
VO feature whose center is at ~ 1 .20 pva. 

If we assume that no extinction can be present, or not much, 
since the object is lying in the field, not in a young star-forming 
association, we find an H2O index (already used in Sect. 3.3) 
from the measured H-band spectru m of ~ 1.16856 co rrespond- 
ing to infrared spectral type M9.5 jAUers et al.ll2007l) . while its 
optical spectral type is probably even later. Since the tempera- 



ture scale of iLuhman etaTI (|2003[) ends at M9, we cannot find 
an appropriate temperature equivalent for this probably young 
object. 

It is challenging to explain the spectrum of 2MASS 
J01415823-4633574, even though the Drift-Phoenix models 
match objects of slighly earlier spectral types nicely. The most 
probable explanations are that 2MASS J01415823-4633574 
might either have properties lying outside of the values used 
in our grid or that it is indeed a peculiar object as discussed 
in lKirkpatrick et al] (12006,) . hence we suggest keeping the spec- 
tral type LOpec for now. Generally, we find a good comparison 
for non-peculiar objects with the Drift-Phoenix models, which 
shows that these new model atmospheres are useful. 

4. Mass estimation and discussion 

We derived a luminosity of log(Lfc„//L0)= -2.68 + 0.21 for 
the CT Cha companion from the extinction corrected val- 
ues Kso= 14.37 + 0.32 mag (2006), Jo= 15.25 +0.39 mag, and 
Kso= 14.31 ±0.32mag (2007) (from our Ay and extinction 
law by iRieke & Lebofskvlll985h using a bolometric correc tion 
of B.C.;f = 3.15 + 0.15mag from Golimowski et al. (2004, for 
spectral type M8-L0) and adopting a distance of 165 + 30pc. 
From the luminosity and temperature, we calculated the radius 
to be R= Q.2y_^Z Ro or 2.20!°;^,', Rjup. 

We considered several possibilities for deriving a final mass. 
Since our S/N is too low in the very blue region of th e J-band, we 
did no t use the gravity-sensitive sodium index from Allers et al.l 
(l2007h . We likewise cannot use the depth of the alkali lines, be- 
cause they are still in the process of being included in the Drift- 
Phoenix atmospheric models, which are the only models we 
found able to reproduce the J, H, and K continua of the CT Cha 
companion without any additional assumptions. As a result, we 
use evolutionary models to get a mass estimation of the object, 
stressing, however, that such models are uncertain up to at least 
~ 10 Myrs due to unknown initial conditions ( Chabrier e t aTl 
2005). For an age of 2 + 2 Myr, we find from luminos ity and tem- 
perature masses of 8 - 23 My„p, 13.5 - 60 My„p dBaraife et al.l 
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12.5 - 50 M ,„n dChabrier et al.l2000h and 
60 Mjup (iBurrows et al."1997'), respec- 



tively. The best-fitting models are from feurrows et al. (1997) 
and give for an age of 2 Myr a temperature of 2540 K, a surface 
gravity of logg= 3.9, and a luminosity of log(Lio//L0)= -2.64 a 
mass of 17 My,,,,. The possible mass intervals from luminosity 
and temperature of all evolutionary models overlap, so we con- 
clude from the intersection of these intervals that our companion 
candidate has a mass of 17 + 6 M jup. 

To obtain a limit from direct observational evidence, we can 
compare the CT Cha companion with the eclipsing double-lined 
spectrosc opic binary bro wn dwarf 2MASS J05352 184-0546085 
found by IStassun et al.l (1200 6) with known masses from first 
principles and of a comparable age to CT Cha. From this com- 
parison we conclude that, due to much lower luminosity, lower 
temperature, and radius, the CT Cha companion must be lower 
in mass than a ll the components in 2MASS J05352 184-0546085, 
i.e. < 35 Mjup (IStassun et al.ll2007h . 

Fro m the comparison t o objects in the Upper Scorpius asso- 
ciation ( Lodieu et al.ll2008l) . we found an optical spectral type of 
the CT Cha companion of M8 - LO. We note that our object is 
very likely a member of the Cha I star-forming region, because it 
is co-moving with the primary, a member of Cha I, and because 
the equivalent width of the two combined potassium (K I) lines 
around 1.25 /im of 9 + 5 A is smaller, just as for USco J160714- 
232101, pointing to a lower age than ~5Myr sin ce this object 
is a member of the Upper Scorpius association dLodieu et al.l 
12008 ). From our fits to the Drift-Phoenix models, we found a 
likely metallicity of [Me/H]=0.0. Although this value is not very 
well constrained, it is consistent with the median va lue {IFelHX) 
of -0. 1 1 found for some members of Chamaeleon dSantos et al.l 
l2008l) . 

At a projected distance of ~440 AU, the system is prob- 
ably still below the long-term stability limit of ~700 AU 
for a K7 primary star of .7 M p, following the a rgumenta- 
tion of Weinberg et al. (19871) and IClose et"al] (l2003h (see also 



iMugrauer & Neuhauser 20051 for a discussion). 

Brown dwarf companions of slightly higher mass have also 
been found as companions to much older stars and at a variety of 
proje c ted separations. Examples are GJ 229 B (N akaiima et al.l 
119951; lOppenheimer et af] 1 1995b at a projected separation of 
~45AU and the b inary brown dwarf companion Bps Indi B 
dScholz et al.ll2003 ) at a projected separation of ~ 1460 AU from 
their primaries. The currently most similar co-moving system to 
CT Cha A and its companion at a higher age is, however, HD 
365 1 B dMugrauer et al.ll2006h and its host star found to have a 
projected separation of ~ 480 AU. 

The prominent Pa-/3 emission line in the J-band is most 
likely due to ongoing accretion onto the CT Cha compan- 
ion, produced in the shock-heated magnetospheri c accretion 
flow jMuzeroUe et al.|[l 998; Whelan et al. 2004; Kur osawa etaTI 
12005 ^ and thus another sign of its youth. While this mag- 
netospheric accretion model predicts a correlation between 
emission line strength s of hydrogen lines and accretion rate 
dMuzeroUe et al.l 1 19981) . as used to determine accretion rates 
from the H-a emission line, iFoLha & EmersonI (12001 1) find no 
such agreement for the Pa-/? emission line o f approxi mately half 
of the 49 studied classical T-Tauri stars (see lWhelan et al..,2004. 
for a discussion). Interestingly, we did not find any emission in 
the Br-y line around 2. 166 A. While a possible emission of Br-y 
might be present below the detection limit, the same behavior, 
having o nly Pa-;6 emission, w as also found for the companion of 
GQ Lup dSeifahrtet al. l l2007l) . 



Very interesting is the high extinction value of 
Av= 5.2 + 0.8 mag of the CT Cha companion compared to 
the extinction value of CT Cha A, which we determined with the 
J-, H-, and K-band 2MASS photometry partly given in Sect. 2.3 
and in comparison to the co lors of main-sequence stars given in 
iKenvon & Hartmannl(ll995l) . We find a best fit for Ay ~ 1.3 mag 
and spectral t ype K7 consistent with the spectral type K7 by 
.Gregorio H e tem et alj (il 988). This is in good agreement with 
Ay ~ 1.4 mag found bv fCambresv et all dl998h from I- J color 
excess, but inconsistent with the Ay ~ 0.1 mag found by the 
same authors using star counts. 

This behavior is very similar for CHXR 73 A and its com- 
panion CHXR 73 B, which has similar properties as the CT 
Cha companion and thus both are probably similar in nature. 
We found an extinction of CHXR 73BofAy=12.6 + 2.1 mag 
from fitting the spectrum of CHXR 73 B to Drift-Phoenix mod- 
els, afterwards matching in the highest signal-to-noise areas the 
spectra of the CT Cha companion. We find the same best tem- 
perature 2600 K fitting both objects, while the luminosities are 
consistent within their 1 cr error bars. Even the difference of 
primary to secondary optical extinction is similar, being 3.1 - 
4.7 mag for CT Cha and 1.7 - 5.9 mag for CHXR 73, derived 
from comparison of our CHXR 73 B value to the value of CHXR 
73 A Ay= 1.8 mag (Luhman 2 004) and u sing the extinction of 
KPNO-Tau 4 Av= 2.45 mag (iGuieu et al.l l2007) (see Sect. 3.5). 
However, we can still not exclude from our spectral comparison 
that the deviant slopes in the blue part of the H-band and the red 
part of the K-band (see Fig. [TTT l. as well as the deep potassium 
lines at ~ 1.25 fim of CHXR 73 B, are indeed real and connected 
to a higher age and surface gravity of CHXR 73 B. 

This difference in the extinction of the objects can have any 
of the following three causes. (1) The extinction in the young 
Chamaeleon I star-forming region is very clumpy and changes 
drastically on short spatial scales. (2) Although a close to pole- 
on disk around a sub-stellar object would make no significant 
contribution to the spectrum in the near-infrared, an object bear- 
ing a close to edge-on disk could be reddened in this spectral 
region due to e.g. reflection and absorption by the disk. (3) The 
companions of CHXR 73 and CT Cha are both a projection ef- 
fect and are actually situated further to the back of the Cha I 
cloud, still co-moving as they are members of the star-forming 
region, sharing the same space motion in a moving group, but 
not being physically bound to their primary objects. This can 
hardly be reconciled, however, with the probabilities of finding 
a by chance alignment e stimated to be ~ 0.001 for CHXR 73 B 
bv iLuhman elal] d2006l) and ~ 0.01 for the CT Cha companion 
by us (see Sect. 2.2). 

We conclude from our mass estimate of 17 + 6 M jup that the 
CT Cha companion is most likely a brown dwarf, we can, how- 
ever, not exclude the possibility that the CT Cha companion is a 
planetary mass object. There is yet no consensus or definition for 
planets around other stars, or for the upper mass limit of planets . 
In general we can follow the discussion in .Luhman et al.l (I 20061) 
saying that CHXR 73 B was probably not formed in a plane- 
tary fashion as its separation from the primary is very high, as 
is the case for the CT Cha companion, and cloud fragmentation 
was shown to be able to produce even isolated objects of similar 
masses. However we would like to stress that this argumentation 
assumes that the companions actually formed at the current sep- 
aration to their primaries. We cannot yet rule out that the objects 
were scattered out ward, as sup pose d for the sub-stellar co mpan- 
ion of GQ Lup bv lBossI (l2006l) and lDebes & SigurdssonI ( l2006l) 
and supported by planet-planet interaction models as e.g. from 
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iNagasawa et alj ( l2008l) . where planets can be scattered to highly 
excentric orbits and large semi-major axis by interaction. 

New evolutionary models by Marlev et al. (2007) show that 
objects created by core accretion have lower luminosities at very 
young ages than expected before. As CT Cha A and its compan- 
ion have an estimated age of 2 + 2 Myr, it is thus unlikely that 
the companion was formed by core accretion. 
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Fig. 4. From top to bottom: J, H, and K band spectra, adjusted in their relative flux levels. In each panel: Our SINF ONI spectra of 
the C T Cha companion in spectral resolution 1500 are shown (black) in comparison to the best-fitting Drift-Phoenix jHelling et al.l 
l2008 b) synthetic spectrum (red, same spectral resolution) of 2600 K, logg=3.5, [Me/H] = 0.0, and a visual extinction of Av=5.2 
mag. Note the strong Pa-/? emission line at ~ 1.282 jim in the J-band and the weak alkali lines in the J-band (KI,~ 1.25 yum and All, 
~ 1.315 jim) and the K-band (Na I doublet, ~ 1.25 //m) of the synthetic model. This, as well as the overshoot of the water vapor 
bands, e.g. in the blue part of the J-band, are currently in the process of investigation (see e.g. Johnas et al..i2008;) . Several signs of 
youth are present in the spectrum of the CT Cha companion, like e.g. the perfectly triangular H-band. See text for more details. 
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Fig. 6. /rom top to bottom: J, H, and K band spectra, adjusted in th eir relative flux levels. In each panel: The spectrum of the 
free-floating brown dwarf USco J 160648-2230 40 Lodie u et al.l (l2008l) in spectral resolution 1500 is shown {black) in comparison 
to the best-fitting Drift-Phoenix jHelling et al.li200 8b) synthetic spectrum {red, same spectral resolution) of 2700 K, log g= 3.5, 
[Me/H]= -0.5 and a visual extinction of Ay- 0.2 mag. Shown is the full available spectrum of USco J160648-223040 beginning at 
1.15jum. There are some peaked deviations in the object's spectrum in contrast to the model, probably caused by detected cosmic 
rays. See text for more details. 
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Fig. 8. From top to bottom: J, H, and K band spectra, adjusted in their relative flux levels. In each panel: Our SINFONI spectra of 
the CT Cha companion in spectral resolutio n 1500 (black) are shown in comparison to the spectrum of the free-floatin g brown dwarf 
USco J 160714-232101 (iLodieu et al.ll2008l) {red, same spectral resolution). The fit of both objects with Drift-Phoenix (i Helling et al] 
I2008bl) gives 2600 K, logg=3.5, [Me/H] = 0.0, while they have Ay=5.2mag and Ay=2.1mag respectively. Shown is the full 
available spectrum of USco J160714-232101 beginning at l.lSyum. There are some peaked deviations in USco J160714-23210rs 
spectrum in contrast to the CT Cha companion candidate, probably caused by detected cosmic rays. Further note the difference in 
the Pa-jS emission line at ~ 1.282 /im. See text for more details. 
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Fig. 11. From top to bottom: J, H, and K band spectra, adjusted in their relative flux levels. In each panel: Our SINFONI spectra 
of th e CT Cha companion in spectral resolution 300 {black) are shown in comparison to the spectrum of the companion CHXR 
73 B 'Luhma n et"aLrj2006l) . also a member of Cha I {red, same spectral resolution). The fit of both objects with Drift-Phoenix 
jHeiling et al.l l2008bl) gives 2600 K, [Me/H]=0.0, while they have Av=5.2mag, logg=3.5, and Ai/=12.6mag, logg=4.5 re- 
spectively. Note the deviant slopes in the blue part of the H-band and the red part of the K-band, possibly caused by the lower 
signal-to-noise in these parts of the bands, as can be seen in Fig.|9l See text for more details. 



